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Effect of Principal Direction Change on High Temperature 
Multiaxial Low Cycle Fatigue Lives Using Cruciform Specimen 
Takamoto ITOH* 
(Received August 24, 2001) 
Low cycle fatigue tests were carried out using crucifonn specimens of Type 304 stainless steel 
under multiaxial strain states at 823K. Strain paths employed in the tests were not only 
proportional strain histories but also severe strain histories including out-of-phase strain in order 
to examine the effect of stain history on multiaxial fatigue life. The crack mode was also 
discussed by observing the crack direction on specimen surface. For the crucifonn specimen, the 
principal strain axes are always fixed but the maximum principal strain direction is changed into 
the one of three principal strain axes due to the severe strain histories. The change in direction of 
the maximum principal strain from one principal axis to the others had no effect on fatigue life 
because the additional interaction between slip systems did not occur resulting in no large 
additional hardening. Only the strain multiaxiality influenced the fatigue life which can be 
predicted as well as the multiaxial fatigue life under proportional strain histories. The strain 
history also did not influence the mode of crack initiation. 
Key Words: Low Cycle Fatigue, Life Prediction, Multiaxial Loading, High Temperature, 
Crucifonn Specimen 
Nomenclature 
Principal strains (Cl~C2~E3) 
Normal strains in x, y and z directions 
Maximum and minimum amplitudes of 
principal strains in x and y planes 
Ymax: Maximum principal shearing strain 
~cx, ~CY' ~cz: Normal strain ranges in x, y and z direc-
tions, respectively 
Equivalent strain range based on Mises 
Equivalent strain range based on crack 
opening displacement 
Maximum principal strain range in x and y 
planes 
Load ranges in x and y specimen arms 
</>: Principal strain ratio, </>=Cmi./Cmax 
X, y, z-planes: Planes normal to x, y and z direction, re-
spectively 
Number of cycles to failure 
* Dept. of Mechanical Engineering 
1. Introduction 
Multiaxial low cycle fatigue (LeF) was studied using 
hollow cylinder specimens subjected to tension/torsion 
loading[I-41, and drastic reduction of fatigue life under 
non proportional loading was reported[5-141• The reduc-
tion of fatigue life due to nonproportional loading de-
pends on strain history and material. As for the strain 
history, nonproportional fatigue lives are influenced by 
the principal stress/strain direction change, which is 
closely related with the interaction of slip systems due to 
nonproportionalloading[lI-161. 
Tension/torsion tests have been carried out for multi-
axial testing using hollow cylinder specimens but the 
tests only cover a limited strain biaxiality range. The 
strain biaxiality achieved by tension/torsion tests is in the 
range of -I =:;;</>=:;;-v, where v is Poisson's ratio and Q> the 
principal strain ratio defined as </>=C3/CI for IEd~IE31 and 
</>=CI/C3 for Icd<lc31. CI and C3 are the maximum and 
minimum principal strains, respectively. Practical 
components, like pressure vessels and turbine blades, 
sometimes receive multiaxial loading beyond that prin-
cipal strain ratio range and the multiaxial fatigue which 
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Fig.1 Shape and dimensions of the specimen tested (mm). 
covers wider principal strain ratio must be studied for the 
safety and reliability of components. 
Sakane et a1.[17.18] developed a multiaxial LCF test 
machine for a cruciform specimen. This machine can 
perform multiaxial LCF tests in the principal strain ratio 
range of -1 :s;~:s; 1 under plane stress condition. The au-
thor[19,20] carried out the high temperature multiaxial LCF 
tests using the cruciform specimens of Type 304 stainless 
and I Cr-I Mo-1I4 V steels and discussed the applicability 
of multiaxial LCF strain parameters. However, these 
studies all discussed the multiaxial LCF lives under fix-
ing the three principal directions and did not examine the 
effect of changing the principal strain directions. 
The objective of this paper is to study the multiaxial 
LCF lives of the cruciform specimen under various strain 
histories. Multiaxial LCF tests in the principal strain 
ratio range of -1 :s;~:s; 1 were carried out using Type 304 
cruciform specimen under seven strain paths at 823 K. 
Crack directions on the specimen surface were observed 
to discuss the effect of strain history on cracking mode. 
2. Test Procedure 
2.1 Cruciform Specimen and Test Machine 
Figure 1 shows the shape and dimensions of the cru-
ciform specimen together with the coordinates employed 
here. Shape of the cruciform specimen was determined 
in finite element analyses so that the stress and strain are 
distributed uniformly along the gage length. The varia-
tion of stress and strain along the 8-mm gage length was 
less than 10 %. The detailed description of finite ele-
ment analyses and experimental apparatus have been 
reported in the previous papers[17,18], so these explana-
Fig.2 Schematic showing the strain biaxiality. 
Thin and heavy arrows indicate the respective load-
ing time. 
tions are omitted in this paper. Since the cruciform 
specimen requires the extensometry in x and y directions, 
two extensometers were pressed to the specimen through 
two windows of the electric resistance furnace. 
The principal strain ratio ~ is defined by 
Ey 
I Exl:s; I Eyl 
IExl~leYI 
(a) Proportional straining paths 
¢=-O.5 IT 
(b) IT and OP straining paths 
Fig. 3 Strain paths on Ex-Ey diagram. 
(I) 
Table I Summary of test results. 
Principal Mises' Axial Max. COD Fatigue Load 
strain strain strain strain strain life range 
ratio range range range range Nf l1Py l1Px 
<I> ~Eea' % ~Ev' % ~El' % ~E*, % (Cycles) kN kN 
-0.5 0.50 0.50 0.50 11500 32 7 
0 0.43 0.43 0.50 28500 38 29 
1 0.5 0.25 0.50 0.46 77000 35 38 
-0.5 IT 0.50 0.50 0.50 19000 35 7 
OIT 0.43 0.43 0.50 8500 44 27 
OP 0.43 0.43 0.50 18000 30 30 
-1 0.87 0.87 0.77 7300 22 20 
-0.5 1.00 1.00 1.00 1650 44 8 
0 0.87 0.87 1.00 940 54 33 
1 1.0 0.50 1.00 0.92 2050 49 45 
-0.5 IT 1.00 1.00 1.00 1200 57 14 
OIT 0.87 0.87 1.00 940 66 41 
OP 0.87 0.87 1.00 1500 52 44 
-1 1.5 1.30 1.30 1.15 1600 - -
where Ex and Ey are the x and y directional total strains, 
respectively. Figure 2 schematically shows the strain 
biaxiality at respective </>'s. The </>=-1 test corresponds 
with a reversed torsion test in the case of using hollow 
cylinder specimens, and the </>=-0.5 test corresponds with 
a uniaxial push-pull test. The </>=1 test is an equi-biaxial 
tension/compression test. 
2.2 Test Procedure and Strain Path 
The material tested was Type 304 stainless steel re-
ceived a solution treatment at 1373 K. Strain controlled 
multi axial LCF tests were carried out at 823 K in the 
principal strain ratio range of -I ~~~ I. The strain wave 
used was a fully reversed triangle at a strain rate of 
0.1 %/s on the Mises' equivalent strain base. Failure 
cycle, N[, was defined as the cycle of 5 % tensile load 
drop from saturation. 
Figure 3 shows the strain paths used in this study on a 
Ex-Ey diagram. Broken lines in the figure indicate the 
Mises' strain constant contour and thin solid lines are the 
constant lives of the equivalent strain based on crack 
opening displacement (COD) mentioned later. The 
maximum principal strain (Emax) direction of the strain 
paths in Fig.3(a) is fixed to y direction during a cycle in 
the coordinates shown in Fig.]. These strain paths are 
the proportional straining (P-straining) where Emax has the 
same phase as Ey. 
In the </>=-0.5IT and OIT tests in Fig.3 (b), Emax direc-
tion interchanges into x and y directions in each cycle by 
an angle of 90 degrees on Ex-Ey diagram (IT-straining) 
but the principal strain ratio always takes constant values 
of </>=-0.5 and O. In the </>=OP test, Ex has a 90 degrees 
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Fig.4 Relationship between fatigue life and 
principal strain ratio. 
phase difference from Ey and </> changes the value be-
tween -I and I when moving the strain path 
(OP-straining). Emax in this test varies its direction to x 
and y directions in a cycle. 
From the test results in the strain paths shown in 
Fig.3, the effect of Emax direction by an angle of 90 de-
grees on multiaxial LCF lives can be examined, which is 
not examinable in tension/torsion tests using hollow cyl-
inder specimens. 
In this study, a full straining along the </>=-0.5IT and 
OIT paths was counted as two cycles since Ex and Ey has 
two full reversed loadings for the full straining. All the 
other waves in Fig.3 were counted as one cycles for the 
full straining. Cracks' were observed on the specimen 
surface at failure by scanning electron microscope 
(SEM). 
3. Experimental Results and Discussion 
3.1. Multiaxial Low Cycle Fatigue Lives 
Table I lists the summary of the multiaxial LCF 
results in this study. In the table, ~P x and ~P yare the 
load ranges in x and y specimen arms at 1/2N[, respec-
tively. In tests using cruciform specimens as shown in 
Fig.l, stresses in the gage section cannot be measured 
directly[l7, 18]. 
Figure 4 shows the variation of the fatigue life with 
the principal strain ratio. The principal strain ratio in 
OP test is changed continuously in a cycle, so the data 
are plotted at OP on the abscissa. Comparing the fa-
tigue life at ~Eeq=1 %, all the P-straining fatigue data 
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except the ~=-l data have almost the same fatigue life in 
IT and OP tests, whereas the ~= 1 data has slightly longer 
fatigue life. The ~=-l test gives the obviously longer 
fatigue life than the other tests. The longer fatigue lives 
in ~=-1 tests under the constant Mises' strain condition 
were also reported for Type 304 cruciform specimens[20) 
and tube specimens subjected to tension/torsion[3). 
At ~Eeq=0.5 %, fatigue lives in P tests increase with 
increasing ~ in the range of -0.5:::;~:::;1. The ~=1 data 
has almost seven times longer fatigue life in compared 
with the ~=-0.5 test. Strain range has an influence on 
the ~ dependency of the fatigue life. In ~Eeq constant 
tests, ~Ey becomes smaller as ~ increases and ~Ey takes a 
half magnitUde of ~Eeq at ~=l. Thus, the ~=1 test at 
~Eeq=0.5 % has only 0.125% strain amplitude which may 
yield a considerably small plastic strain. At that test, 
elastic strain plays a dominant role and which may make 
the fatigue life longer. 
IT and OP tests have almost the same fatigue life as P 
test, so that the interchange of the maximum principal 
strain direction and the phase difference of x and y direc-
tional strains do not reduce the fatigue life for the case of 
cruciform specimen. However, phase difference be-
tween normal and shear strains using tube specimens in 
tension/torsion drastically reduced the fatigue life for 
Type 304 steel. The reduction came up to a factor of 10 
at room temperature[9,12) and a factor of 5 at 923 K[I3). 
The difference of the reduction between the cruciform 
and tube specimens is resulted from the following. 
The large reduction of fatigue life for the tube speci-
mens is connected with the large additional hardening 
resulted from the severe interaction of slip systems due to 
nonproportional straining[ll, 15, 16). The maximum prin-
cipal strain direction change activates much slip systems 
that do not operate in proportional loading, which causes 
the severe interaction of slip systems. The severe in-
teraction of slip systems leads to the additional hardening 
resulting in the reduction ofLCF life [11-14,16). 
The maximum shear direction changes continuously 
its direction in the nonproportional loading test using 
tube specimen but it changes to a limited number of di-
rections . in tests using cruciform specimen. Figure 5 
shows the maximum principal strain plane (Emax-plane) 
and the maximum principal shear strain plane 
(Ymax-plane ). In the figure, conjugate planes of 
Ymax-plane was not presented to avoid the complexity. 
In tests of ~=O, 1 and OIT, Emax-plane is the plane parallel 
to the specimen surface (z-plane) where no stress is 
d> Emax-plane Ymax-plane 
-1 ~ ~ (P) 
ExlEy ~ =-0.5 (P) 
-0.5 
IT 
EyiEx 
=-0.5 
ExlEy ~ =0 (P) 0 
IT lIJ EylEx =0 
1 ~ v (P) zftx 
Fig. 5. E max and Y max planes. 
loaded, so the plane of second principal strain plane is 
shown in Fig.5. 
In all ~'s tests, Emax-planes are parallel to z axis and 
perpendicular to x or y axis. On the other hand, 
Ymax-planes are classified into two types by their direc-
tions[2l) ; one is the plane making 45 degrees to x and y 
axes and parallel to z axis in the range of -I :::;~:::;-0.5 and 
the other is the plane making 45 degrees to z-axis. In 
the ~=-0.5 and -0.5IT tests, all the planes making 45 
degrees to y axis and x and y axes are Emax-plane, respec-
tively. In the ~=I test, all the planes perpendicular to z 
axis are Emax-plane and those making 45 degrees to z axis 
are Ymax-plane. 
In P tests of -I :::;~:::;I, Emax-plane is always fixed on 
y-plane and Ymax-plane on the same plane during the fa-
tigue tests. In the IT tests of ~=-0.5IT and OIT, Emax 
and Ymax-planes change their plane by an angle of 90 de-
grees in each cycle. In the OP test, the strain multiaxi-
ality indicated with ~ varies continuously, so Emax and 
Ymax-planes in this test are all the planes shown in Fig.5. 
However, the three principal strain directions in the OP 
test are fixed to x, y and z axes. In tests using cruci-
form specimens, the principal strain planes are always 
fixed on x, y and z-planes in all the tests but only the Emax 
direction is changed into the three principal axes. 
Therefore it is impossible to carry out the nonpropor-
tional LCF tests using the cruciform specimen in which 
the principal strain axes continuously change the direc-
tion. Accordingly, the maximum shear strain plane 
does not continuously change resulting in no significant 
interaction between slip systems. No large additional 
hardening occurred in IT and OP tests leading to no or 
small reduction in fatigue life. 
Comparing the load range listed in Table 1 between P, 
IT and OP tests, the load range in IT and OP tests is 
somewhat larger than that in P tests. ~Py in ~=-0.5IT 
and OIT tests at ~Eeq= 1 % is approximately 25% larger in 
comparing of that in ~=-0.5 and 0 tests. At ~EeC]=0.5%, 
on the other hand, a small load range increase in IT and 
OP tests is found compared with P tests. The load 
range increase in IT and OP tests was resulted from the 
additional hardening in the ligament outside the gage part 
and the small increase in the load does not necessarily 
indicate the additional hardening of the gage part. 
Considering the test results of the cruciform specimen 
in this study together with the results of tube specimen 
under the out-of-phase loading [11-16], the difference in the 
test results between the two types of specimens is sum-
marized as follows. In the nonproportional tests using 
tube specimens, the maximum shear direction continu-
ously changes its direction and many slip systems are 
activated. Large additional hardening occurs due to the 
interaction of the slip systems which results in the reduc-
tion of LCF life under nonproportional loading. 
Phase difference using cruciform specimen, on the 
other hands, the maximum shear direction directs to a 
few limited directions that causes the interaction between 
a limited number of slip systems resulting in little addi-
tional hardening. Therefore, small or no reduction of 
LCF lives were found for cruciform specimens because 
the three principal strain directions are fixed and only the 
maximum principal strain direction changes to one of the 
three principal strain directions. 
3.2 Crack Behavior in M ultiaxial Low Cycle Fatigue 
Figure 6 shows the crack growing directions observed 
on specimen surface at ~EeC]= 1 %. The crack was clas-
sified into two groups with respect to the crack length. 
One was the main crack which led to the fracture and 
whose was larger than 1 mm. The other was the 
sub-crack of which the length was smaller than 1 mm in 
length. In the ~=-1 test, a large number of main cracks 
grew in the direction of 45 degrees to x and y axes and 
- 1 
- 0 .5 
o 
- 0.5 
IT 
o 
IT 
OP 
1 mm O.25mm 
Fig.6 Crack propagation direction on the specimen 
surface at LlEeq=l %. 
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many sub-cracks were also observed on Emax and 
Ymax-planes. The same results were also observed in 
the tests using hollow cylinder and cruciform specimens 
of Type 304 stainless steel at 923K [3 , 19,20]. 
In the ~=-0.5 and 0 tests, both main and sub-cracks 
grew in x direction on Emax-plane. In the ~=O test, 
sub-cracks were also observed in y direction on the plane 
perpendicular to Emax-plane (x-plane) but they did not 
directly lead to fracture. The x-plane in the ~=O test has 
no strain amplitude but a large stress amplitude is applied 
on that plane to keep the strain zero, which is understood 
by the load ranges in Table 1. ~P x has a relatively large 
value in the ~=O test at ~EeC]=1.0% in comparison with 
~P y' Thus, cracks could grew on the plane which has 
zero strain amplitude when stress amplitude is loaded on 
that plane as well as Emax-plane. 
In the ~= I test, the crack growth direction is more 
complicated than that in the -I ~~~O tests. Main cracks 
are observed in many directions in the ~= 1 test. The 
reason for cracks to grow into many directions in the ~= 1 
test is that the equivalent Emax-planes coexist as well as 
Ymax-planes on which cracks have the same possibility to 
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initiate and to grow. 
In IT and OP tests, on the other hand, the crack direc-
tions are different from those in P tests, which may be 
attributed to the difference of the maximum principal 
strain plane. In the <»=-0.5IT and OIT tests, most of 
sub-cracks were observed on Emax-plane, so the crack 
mode in the IT test agrees with that in P tests. Many 
cracks in the OP test were observed in different direc-
tions. The direction of cracks in this test was rather 
similar to that in the <»=1 test. 
The crack mode in multiaxial LCF is summarized to 
that the cracks initiate by model I (opening mode) in all 
the <»'s tests, not depending on strain paths. However, 
the number of cracks in IT test was slightly larger in 
comparison with the P test at each principal strain ratio 
because of the Emax and Ymax-planes changing direction at 
each cycle. Sub-cracks initiated by mode I grew with 
linking up to main cracks in the IT and OP tests. 
3.3 Evaluation of Multiaxial Low Cycle Fatigue Data 
The author[20J have proposed the equivalent strain 
range based on COD (COD strain range) as a strain pa-
rameter for the evaluation of multiaxial LCF lives under 
proportional loading. The equivalent strain gave a 
satisfactory correlation of proportional multiaxial LCF 
lives in the range of -1 ::;<1>::; I for Type 304 stainless steel 
at 923K and 1 Cr-l Mo-1I4V steel at 823K[20J. COD 
strain range physically expresses the intensity of crack 
opening displacement for mode I crack in multiaxial 
strain states and can be equated as follows [20.22.23]. 
(2) 
~Emax is the maximum principal strain range in x- and 
y-planes. p and m' are the constants which take 1.83 
and -0.66, respectively. These constants in the equa-
tion do not depend on material that was confirmed in 
finite element analyses. 
As mentioned previously, in the fixed principal axes 
condition, the change of Emax direction influences the 
number of main cracks but crack initiation mode and 
fatigue lives. This suggests that most of cycles to fail-
ure are the growing period of sub-crack. Fatigue lives 
in the IT and OP tests are comparable to those in the P 
tests. Indeed as shown in Fig.7, all the fatigue lives are 
correlated well with COD strain range within a factor of 
two scatter band. In the data correlation in Fig.?, COD 
strain range in the OP test was calculated assuming <1>=0 
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Fig.7 Correlation of fatigue life with COD strain range. 
where Emax takes the maximum value. 
4. Conclusions 
(1) In the IP and OP tests of fixed principal planes us-
ing cruciform specimens, only the strain multiaxiality 
influenced the fatigue life. Fatigue lives in the tests can 
be predicted as well as the multiaxial fatigue life under 
proportional loading. This is attribute to the limited 
number of the maximum principal strain planes and the 
small interaction between slip systems. 
(2) Orientations of sub-crack were not influenced by 
the direction change of the maximum principal strains at 
angle of 90 degrees. Crack initiated in mode I in all the 
principal strain ratios. However, sub-cracks linked up 
to grow into many directions to form main cracks, which 
may be resulted from the existence the many equivalent 
Ymax-planes. 
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